Abstract-Double polysilicon layer structures separated by a silicon nitride layer are frequently used as structural multilayers in surface micromachining. In this paper the effect of three types of plasma etching chemistries for nitride patterning and postprocessing on the characteristics of both mechanical adhesion and electrical contact resistance between the two polysilicon layers is investigated. It was found that all three chemistries yielded good mechanical adhesion between the two polysilicon layers. Both the chemistry based on CFs/SFe, with a poor selectivity (0.7) of etching nitride over the underlying polysilicon layer, and the chemistry based on CHFs/CF4, with a selectivity of 3, provided good electrical contact. The chemistry based on CHFJ" , which yielded a selectivity of 15, on the other hand, resulted in a polymer film between the two polysilicon layers, resulting in electrical insulation. This polymer film can be effectively removed by using post-processing, which involves in-situ oxygen plasma treatment. Therefore, a chemistry such as that based on CHFJCF4 can be applied when the lower polysilicon thickness allows a moderate selectivity, whereas the CHFJ" chemistry is favored when high-selectivity is required. The latter, however, requires in-situ post-processing.
I. INTRODUCTION
URFACE micromachining is a major technology for fab-S ricating micromechanical structures for sensors and actuators [l] . In applications such as micromotors [ 2 ] and tuneable light interferometers [3] , double polysilicon layer structures with both good mechanical adhesion and electrical contact in-between are required. Often the intermediate layer is an insulating film such as silicon nitride or silicon dioxide. This layer is patterned with plasma etching before the deposition of the upper polysilicon layer to provide contact between the two polysilicon layers. Plasma etching is preferred due to its capability of etching very fine features resulting from the etching anisotropy. Since the lower polysilicon layer is exposed to plasma when the insulating layer is etched through, etching chemistry must be carefully chosen to obtain a high selectivity between the etched film and underlying polysilicon layer. This is required to maintain the integrity of the polysilicon layer. Using a chemistry which etches the insulating film, while producing an etch-inhibiting layer on the Manuscript received December 13, 1993 ; revised June 6, 1994. The review of this paper was arranged by Associate Editor S . D. Senturia.
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surface of the lower polysilicon layer, is a common practice in plasma etching [4] . Therefore, it is expected that both the etching chemistry and post-processing after etching can have a significant influence on the surface quality of the lower polysilicon layer and, therefore, on the mechanical adhesion and electrical contact of the double polysilicon layer structures. However, sucl an influence has received little attention in literature on plasma etching. The mechanical adhesion and electrical contact between two polysilicon layers through contact windows in silicon nitride have been investigated in this research by using three different plasma etching chemistries for the etching of the silicon nitride; these are CF4/SFc, CHF3/CF4, and CHF3/N2-based chemistries. A post-processing of in-situ oxygen plasma treatment after the nitride etching was also used. It is shown that the upper polysilicon layer adhered well to the lower polysilicon layer, independent of the etching chemistry and post-processing. The CF&Fc-based chemistry has a poor selectivity (0.7) of etching nitride over the underlying polysilicon layer and it provides good electrical contact between the two polysilicon layers. The chemistry based on CHF3/CF4 yields a selectivity of 3 and a good electrical contact. The chemistry based on CHF3/N2 results in a polymer film between the two polysilicon layers, which insulates them. This polymer formation impedes etching and thus leads to a very high etching selectivity of 15. However, this film causes high contact resistance and thus post-processing is required to remove it. Therefore, to form a double polysilicon layer structure with good mechanical adhesion and electrical contact between the two layers, a chemistry such as the one based on CHF3/CF4 is suitable because it has reasonable selectivity, while forming only little polymer film. If very high etching selectivity is required, a chemistry such as the one based on CHF3/N2 would be favorable although post-processing after plasma etching is essential to remove the polymer film from the lower polysilicon layer.
EXPERIMENTS
The starting material was 4" (100) p-type wafers with a resistivity of 2-5 Rcm. After 1000 8, thermal oxide growth, a low-stress polysilicon layer [5] Plasma etching was carried out in a commercial parallel plate Reactive Ion Etching (RIE) machine (Alcatel GIR300). The applied RF power of 13.56 MHz and the chamber pressure were fixed at 60 W and 37.5 mtorr, respectively, for all the etching experiments. Both the upper and lower electrodes of the RIE machine are 15 cm in diameter, with 6.5 cm distance between them. This electrode configuration leads to a power density of 0.34 W/cm2. Three types of chemistry were used to etch the silicon nitride film. The first was CF4 (70 sccm) + SF6 sequently a 1700-A-thick low-stress silicon nitride layer was deposited in a Tempress LPCVD system (Model OMEGA M) by using reaction of SiHzC12 with NH3. The nitride layer was patterned by plasma etching described below, to provide the contact windows for the two polysilicon layers. A 1.3-pmthick HPR204 photoresist was used for the mask during the nitride plasma etching. Some samples were subjected to an in-situ oxygen plasma after the plasma etching of the nitride layer. Control wafers were wet etched in 20% HF solution. Then wafers were dip-etched in BHF solution for 30 seconds before the deposition of the second polysilicon layer of 1400 A, doped and annealed as the first polysilicon layer. For comparison, the dip-etching was not carried out before the second polysilicon deposition in a group of control wafers subjected to the same processing sequences. After patteming of the second polysilicon, the sheet resistance of the polysilicon layer and electrical contact resistance between the two polysilicon layers were measured with Van der Pauw test structure and Kelvin test structure [6], respectively, using HP4145B semiconductor parameter analyzer. The mechanical adhesion of the two polysilicon layer was examined using scanning electron microscope, model Philips SEM525M.
O2 plasma (50 sccm) after the nitride etching. The etch rate for the polysilicon and silicon nitride layers was determined by the thickness change (measured using a Leitz MPV-SP optical measurement system) divided by etching time. After the RIE etching, the remaining photoresist was removed in a barrel-type plasma asher (Technics Plasma GmbH Tepla plasma ashing system) using 0 2 and Ar gas mixture. Table I summarizes the plasma etching conditions and post-processing for three different groups of wafers.
RESULTS ON PLASMA ETCHING SELECTIVITY
OF THE NITRIDE OVER POLYSILICON The CF4/SF6/02 chemistry for the etching of the first group of wafers resulted in non-selective etching of the nitride over the polysilicon. Fig. 1 shows nitride and polysilicon etch rate with the gas mixture when oxygen is varied from 0 sccm to 15 sccm. Both etch rates increase with increasing oxygen content. However, the etch rate for the nitride remains lower than that for polysilicon at any oxygen content. Therefore, nitride cannot be selectively etched under these conditions. A flow of 10 sccm 02, used in this work, yielded a selectivity of only 0.7. Fig. 2 shows the etch rates for polysilicon and nitride with the gas mixture of C'HF3/CF4/He for the etching of the second group of wafers when CF4 is varied from 0 sccm to 50 sccm. With 25 sccm CF4, a selectivity of 3 was obtained. A selectivity of 15 was achieved using the CHF3/ Nz chemistry for the etching of the third group of wafers. Fig. 3 shows the etch rate with the gas mixture when the nitrogen is varied from 0 sccm to 45 sccm. It can be seen that the etch rate for the nitride increased monotonically in the range of 0-40 sccm, while that for the polysilicon was basically unchanged, yielding a selectivity which increases with N2 content.
To account for the non-uniformity of both the nitride etch rate and thickness, a 10% overetching time was added to the calculated etching time according to the average film thickness and etch rate. Any one of the five stages can be rate-limiting, depending on etching chemistry and substrate material. In a CF4-based chemistry, such as used in the etching of the first group of wafers, F atoms are well known to be the main reactive species for both silicon nitride and polysilicon etching [7] . The major rate-limiting step in the chemistry is stage three, i.e., the chemical reaction of the F atoms with silicon atoms. When the oxygen is added to the plasma, the concentration of the F atoms is greatly increased. This is due to the reaction between the oxygen atoms and the fluorocarbon species in the plasma, which would otherwise combine with the F atoms [7] . Therefore, both the etch rate of polysilicon and nitride increase with oxygen addition in the experiment. The higher etch rate for the polysilicon as compared to that for the nitride, as shown in Fig. 1 , is due to the lower activation energy for the reaction of F atoms with silicon (0.13 eV) than that with silicon nitride (0.18 eV) [8] . Therefore, the chemistry for the etching of the first group of wafers provided no selectivity between the nitride and polysilicon etching. Note that the original thickness of the polysilicon layer is 1400 A. The etching of the lower polysilicon during the overetching of the nitride with this chemistry (300 A) amounts to about 22% of the original thickness, which is obviously unacceptable.
In a CHF3-based chemistry, such as used in the etching of the second group of wafers, CHF3 is known to decompose to generate abundant polymer-forming radicals such as CF2 [9] . These species can deposit and form a polymer layer on the substrate, inhibiting the chemical reaction of reactive species such as F atoms with the substrate atoms. Therefore, the ratelimiting stages in such a chemistry are both stage two and three, i.e., adsorption and chemical reaction of the reactive species. Many researchers have reported the polymer film formation on the silicon surface with CHF3-based plasmas [lo]-[ 121. It is also known that photoresist covering wafer surface plays a very important role in the polymer film formation. Indeed it was found that the etch rate of the polysilicon layer is about 3 times higher with A1 mask than with the resist mask when the CHF3/N2 chemistry is used in our experiments. Photoresist generally consists of resin, which is a compound of carbon and hydrogen. During the plasma etching, photoresist is also etched by reactive species such as F atoms. The carbon-containing reaction products can help to form C-F polymer film by providing more precursors in the system. Since about 80% of the die area is covered by the photoresist in our test structures, a significant influence of the photoresist on the polymer formation would be expected. It is this polymer film that results in an etch rate of the silicon much lower than that in a CF4-dominant chemistry. However, when silicon nitride is exposed to CHF3-based chemistry, with the help of high energy ion bombardment, nitrogen atoms will be released from the nitride surface and react with the fluorocarbon radicals on the nitride surface, thus reducing the fluorocarbon film thickness [9] . Furthermore, the nitride can also be etched by species other than F atoms, such as CF3 [lo] . This results in the selective etching of the nitride over polysilicon in the experiments.
When the CF4 is added to the gas mixture of CHF3/He, used for the etching of the second group of wafers, more atomic fluorine is available for the etching. Meanwhile, the concentration of polymer-forming radicals is reduced due to their recombination with F atoms. As a result, both etch rates for the nitride and polysilicon increase as is confirmed by Fig. 2 . The 25 sccm CF4 content chosen for the etching chemistry for the second group of wafers gives a maximum selectivity of 3.
When nitrogen gas is added to a CHF3 plasma, nitrogen atoms are generated, because of ionizing collision of N2 with high energy electrons in plasma. The nitride etch rate increases with nitrogen content in the gas mixture of CHF3/N2 for etching of the third group of wafers, as indicated in Fig. 3 .
Nitrogen gas is suspected to have a two-fold effect on the etching of the nitride. The first effect is dilution; this reduces the concentration of the polymer forming radicals, which in turn reduces the thickness of the fluorocarbon layer on the nitride film. Therefore the adsorption and chemical reaction of F atoms (stages two and three) are enhanced. The second effect is the breaking down of nitrogen molecules into separate nitrogen atoms through interaction with energetic electrons in the plasma. These generated atoms diffuse to the nitride surface and combine with nitrogen atoms of the nitride which remain on the surface after removal of the adjacent silicon atoms [ 131. The enhanced nitrogen concentration on the surface facilitates the formation of N2 molecules and thus enhances the desorption of reaction product (stage four). However, because the etch rate for the polysilicon remained basically unchanged with the nitrogen addition, it seems that the first effect is not sufficiently effective in the polysilicon etching. This conclusion is supported by resistance measurement results discussed in the next section.
Iv. RESULTS ON CONTACT RESISTANCE
AND POLYMER F~L M FORMMION It was found that the contact resistance between the two polysilicon layers is very high ( 2 4 x f l on a 4 x 4 pm2 window at 100 V) in the wafers without dip-etching before the second polysilicon deposition, irrespective of nitride etching history (wet or plasma etching using the three different chemistries). The poor electrical contact is most probably due to the native oxide layer on the first polysilicon layer. The contact exhibited breakdown characteristics when the applied voltage was above 100 V, after which the contact resistance was about 200 R, which is further indication that the problem was due to a thin oxide layer. Therefore, dip-etching was essential to obtain a good electrical contact between the two polysilicon layers. Table 11 shows the iiieasurement results of the contact resistance between two polyailicon layers via a 4 x 4 pm2 hole. These values are averaged measurements over 10 randomly selected dice. Note that the contact resistance measurement for the wafers with dip-etching before the second polysilicon deposition was carried out with 5-V voltage, which is much lower than the voltage value for the same measurement for the wafers without dip-etching.
From Table I1 it can be concluded that: 1) For groups one and two, there is littlt: difference (less than 6%) in the contact resistance between type A and type B, as defined in 'lable 1. For group three the contact resistance for type A exceeded the ineaburemeiit range (>10l2 n) whereas for type B the resistance is slightly higher than that of groups one and two.
2) All the contact resistances for type B of the three groups are essentially the same as that of the control group, although there appears to be a slight increase in contact resistance with increasing etch selectivity.
The value of the contact resistance is a measure of the surface quality of the lower polysilicon layer. Contact resistance depends on the materials forming the contact. doping level, and I quality of the contact interface. For all the wafers the materials are identical. Although a slight difference in surface doping level may result from the difference in the overetching of the lower polysilicon, the implantation for the upper polysilicon ensures this difference is negligible. Therefore, any difference in the contact resistance indicates a difference in contact interface quality. During the nitride plasma etching, radiation damage caused by high energy ion bombardment and polymer formation on the surface are two major factors, apart from the etching of the underlying polysilicon due to insufficient selectivity, that modify the quality of the contact interface.
Since the radiation damage can be removed effectively by high temperature annealing, which is performed after the ion implantation of the upper polysilicon layer, any increase in the contact resistance can safely be assumed to originate from thin film formation on the lower polysilicon surface during the plasma etching. 'The above results show that there is no measurable polymer film formation, as far as contact resistance is concerned, for both groups one and two. As discussed in Section 111, the CF4/SF6/02 etching chemistry for the group-one wafers is unlikely to have created any fluorocarbon layer on either nitride or polysilicon surface. Although the reasonably high selectivity indicates that a polymer layer has been formed on the surface of the lower polysilicon layer with the CHFs/CFdHe chemistry for the etching of group-two wafers, this polymer layer is probably sufficiently thin or it has been removed during the plasma ashing to remove the remaining photoresist after the nitride etching. Therefore, the contact resistance is basically independent of post-processing since the polymer layer is automatically removed.
The extremely high contact resistance of the type A of group three suggests that significant polymer film is formed on the surface of the polysilicon when the nitride is etched through with the CHF3/N2 chemistry. This polymer layer is thick enough to become an insulating layer between the two polysilicon layers. Although the wafers were cleaned after the plasma etching using the barrel-type oxygen plasma asher to remove photo-resist followed by cleaning in 100% HN03 for 5 minutes and 65% HN03 for 15 minutes, the polymer film appears not to have been removed. Further measurements showed that the contact exhibited breakdown SEM photographs of cross-sectional views of the double polysilicon structure for the type A of wafer group three; (a) after the nitride between the two polysilicon layers has been removed by lateral underetching using 20% HF, and (b) after mechanical leverage has been applied to the resulting overhdnging section The contact windows between the two polysilicon layers had previously been etched using the highly selective CHFJ/N~ chemistry without the post-processing v. RESULTS 
ON MECHANICAL ADHESION
The two polysilicon layers exhibit good mechanical adhesion irrespective of etching chemistry applied for the nitride etching. Good mechanical adhesion is an obvious requirement for stable electrical contact. Since groups one, two, and type B of three yield good electrical contact characteristics, no problems with the mechanical adhesion between the two polysilicon layers are expected. Indeed, the double polysilicon structure was examined for its mechanical adhesion under SEM. First the nitride between the two polysilicon layers in the area other than the contact windows was removed by etching in 20% HF. The resulting gap between the two polysilicon layers was subjected to mechanical leverage. Both optical and SEM observation showed that no cracking had taken place at the interlayer contact due to the mechanical leverage, indicating that all the wafers have good mechanical adhesion between the two polysilicon layers. Experiments demonstrate, surprisingly, that type A of the group three, with polymer film between the two polysilicon layer, also showed a good mechanical adhesion. Fig. 4(a) shows the cross-sectional view of the double polysilicon structure for type A of group-three wafers directly after the nitride has been removed by wet etching. Fig. 4(b) shows the same structure after mechanical leverage has been carried out. It can be seen in Fig. 4(b) that the upper polysilicon layer remained fixed to the lower one in the contact area despite the breaking-off of the overhanging part of the upper polysilicon by mechanical leverage. characteristics only after the applied voltage was as high as about 50 V. After breakdown and removing the applied voltage, the insulating layer is damaged and the contact becomes permanently resistive with a contact resistance of about 300 0, which is still about two times higher than its counterparts in groups one and two. The similar contact resistance of the type B of group-three wafers compared to that of the other two groups is an indication that this insulating layer can be effectively removed by post-processing using oxygen plasma maintained in a RIE reactor in which a self-bias of 300 V was produced.
The fact that polymer film could not be removed in the barrel-type reactor, in which no ion bombardment takes place, suggests that high-energy ion bombardment plays a very important role in the reaction of the oxygen atoms with the carbon in the polymer film. Volatile carbon oxide would be formed, thus removing the polymer film from the polysilicon surface .
VI. CONCLUSION
Effects of plasma etching chemistry and post-processing on both the mechanical adhesion and electrical contact of double polysilicon structures through contact windows in a silicon nitride layer have been examined. Three plasma etching chemistries have been used for the etching of the nitride layer to provide contact windows for the two polysilicon layers. The first one is a CF4-dominant gas mixture with SF6 and 0 2 addition, with which no selectivity is obtained for the nitride etching over the underlying polysilicon layer. The second one is a CHF3-based gas mixture with CF4 addition diluted by He, which provides a selectivity of 3. The third one is CHF3 diluted by Nz, which results in a selectivity of 15. The postprocessing, in-situ RIE 0 2 plasma treatment was performed the etching. It has been found that:
There was little difference (less than 6%) in the contact resistance between wafers with and without the post-processing etched with either the C F~/ S F~/~Z or CHF3/CF4/He chemistry. The contact resistance of the wafer etched with the CHF3/N2 chemistry without the post-processing was extremely high (~1 0~~ a), while after the post-processing it was basically the same as its counterparts etched with the other chemistries. All wafers showed a good mechanical adhesion between the two polysilicon layers.
The results indicate that:
1)
No polymer film is formed on the surface of the lower polysilicon layer when the nitride layer on top is etched through with the CF4/SF6/02 chemistry. 2 ) Some polymer film is formed with the CHF3/CF4/He chemistry, but the film is sufficiently thin or has been removed readily during the subsequent plasma ashing of the photoresist, and that the contact resistance is not significantly affected.
3)
There is significant polymer film deposition on the lower polysilicon layer with the CHF3/N2 chemistry and the film is thick enough to actually insulate the two polysilicon layers. This polymer film could be effectively removed by using the in-situ oxygen plasma post-processing, in which high energy ion bombardment plays a very important role.
It can therefore be concluded that:
3)
The CF4/SF6/02 chemistry cannot be used for the patterning of the nitride layer due to its lack of selectivity. The CHF3/CF4/He chemistry is most suitable in the nitride etching since it provides both reasonable selectivity and good electrical contact between the two polysilicon layers when the lower polysilicon layer is of reasonable thickness. The CHF3/N2 chemistry can be used for the nitride patterning when very high selectivity is required, but
